Objectives: to evaluate the association between dehydroepiandosterone (DHEA) and physical frailty in older adults. Design: cross-sectional analysis of baseline information from three separate studies in healthy older men, women and residents of assisted living. Setting: academic health centre in greater Hartford, CT, USA. Participants: eight hundred and ninety-eight adults residing in the community or assisted living facility. Measurements: participants had measurement of frailty (weight loss, grip strength, sense of exhaustion, walking speed and physical activity) and serum DHEAS levels. Results: overall, 6% of the individuals in the study were classified as frail, 58% intermediate frail and 35% were not frail. In the bivariate analysis, there were differences between categories of frailty across age, gender and by DHEAS levels. In an ordinal logistic regression model, with frailty as a dependent measure, we found that age, DHEAS and interactions of age and BMI and DHEAS and BMI were predictive of more frailty characteristics. Conclusion: we found an association between frailty and DHEAS levels. Whether the association is due to similar conditions resulting in lower DHEA levels and more susceptibility to frailty or whether lower DHEA levels have an impact on increasing frailty cannot be addressed by cross-sectional analysis. Gender did not impact the association between DHEAS and frailty, but obesity (BMI > 30 kg/m 2 ) attenuated the association between higher DHEA levels and lower frailty status.
Introduction
Dehydroepiandosterone (DHEA) and its sulphate ester, DHEAS, are prominent adrenal steroid hormones in humans [1] . DHEA influences peripheral tissues either indirectly via a conversion to androgens, estrogens or both, or directly as a steroid hormone [2] . DHEA shows a characteristic secretion pattern throughout life, with serum levels declining with increasing age. Serum DHEA levels peak in young adults and gradually decline throughout life, so that individuals 70-80 years old have circulating DHEA levels that are 10-20% of their original young adult levels [1] . This age-associated decrease has been termed 'adrenopause' and differs from other adrenocortical hormones, which do not demonstrate clear age-related changes [1] . DHEA levels also vary with gender, with higher levels in men than in women [1] .
Little is known about the physiological role of DHEA, but human epidemiological studies have suggested that its concentrations may represent a biomarker of successful ageing [3] . Studies show that low serum DHEA levels are associated with increased rates of morbidity and mortality. Several studies have shown an association between reduced serum DHEA(S) levels and depression [4, 5] , bone mineral density in women [4] , diabetes [6] and other age-related illnesses such as cardiovascular mortality [7] and neurological dysfunction [8] .
The geriatric syndrome of frailty is defined as a loss of reserve and is characterized by weight loss, fatigue, weakness and vulnerability to adverse events, which predict increased morbidity and mortality [9, 10] . At present, the biological basis for frailty remains unclear. It has been hypothesized that loss of lean muscle mass and bone mass, decline in protein synthesis, sarcopenia and immune dysfunction influence the onset of frailty [11, 12] . Serum levels of DHEA decline with age, and this decline is paralleled by a decrease in muscle and bone mass [1] . Our study sought to evaluate the relationship between frailty and DHEA levels. Using data from a population of elderly adults, we tested the hypothesis that declining serum DHEA is associated with the frailty phenotype.
Methods

Study population
Healthy adults aged 60 years or older residing in the community or assisted living were recruited to participate in the study. The individuals were screened for potential participation in one of three studies-to assess testosterone effects on bone and frailty in men (TEST), to assess dehydroepiandrosterone and exercise effects on bone and frailty in women (DHEAEX) and to assess osteoporosis evaluation in individuals residing in assisted living (n = 37) and community-living age-matched controls (n = 77) (ALF). The data are baseline assessments, prior to any interventions.
Exclusion criteria for men and women in TEST or DHEAEX were (i) diseases or medications known to affect bone or muscle metabolism (i.e. Paget's disease, osteomalacia, hyperparathyroidism: current use of corticosteroids, calcitonin, heparin, phenytoin, phenobarbital, methotrexane, bisphosphonates, selective oestrogen-receptor modulator or PTH); (ii) use of oestrogen, DHEA or androgen in the preceding year; (iii) metastatic or advanced cancer (other than skin cancer); (iv) history of breast cancer or prostate cancer; (v) active cardiac ischaemia by history of angina or myocardial infarction in the preceding 6 months; (vi) elevation of PSA; (vii) history of sleep apnoea and (viii) polycythaemia. There were no exclusion criteria for the ALF study.
All study participants provided written informed consent. The institutional review board at the University of Connecticut Health Center approved the study.
Frailty measurements
The frailty phenotype was that by Fried et al. [9] included self-reported weight loss of >4.5 kg in the preceding year, grip strength, sense of exhaustion, walking speed and level of physical activity reported in kcal/week. Frailty was defined as three or more of the five characteristics, intermediate frail as one or two criteria and non-frail as no criteria. Fried et al.'s definition of frailty was used in this study because of the previous validation studies revealing its association with poor health outcomes.
Hormone assays
Serum levels of DHEAS were measured in the General Clinical Research Center at University of CT Health Center. DHEAS was measured by an immunoassay (Diagnostic Products Corporation, Immulite 1000) with an intra-assay CV of <5.2%.
Statistical analysis
Descriptive statistics (mean ± standard deviation or count/proportion) were calculated for each study variable. The statistical significance of differences in the values of these statistics between the three groups of subjects that were pooled to create this study ' The potential that either an observed association or lack of association between frailty and DHEAS could be due to confounding by other subject characteristics was evaluated. The Pearson χ 2 test was applied to investigate relationships between frailty and these other characteristics [study (ALF, DHEA/EX, TEST), gender, age (60-69, 70-79, 80+) and body mass index (<25, 25-30, 30+)].
Multivariable ordinal logistic regression was used to establish the relationship between frailty and DHEAS while controlling for the potential confounding effects of other subject characteristics. Frailty was the dependent variable in the modelling process. DHEAS was the primary independent variable; it was represented on a continuous scale after a logarithmic transformation (base 10) to account for extreme skewness. Categorical covariates included study and gender. Continuous covariates included age and body mass index. Initially, the model assessed the 'main' effect of DHEAS while controlling for the other covariates. We then augmented the model to consider the possibility of interaction between DHEAS and the other covariates. Consistency of the data with the proportional odds assumption that underlies ordinal logistic regression was evaluated using the method of Brant [13] .
Analyses were performed using the SPSS (version 15.0, SPSS, Inc., Chicago, IL, USA) and Stata (version 9.2, StataCorp, College Station, TX, USA) software packages. A 5% threshold was used for declaring a statistical significance in all tests.
Results
The full study sample (n = 898) was predominantly male (65.8%) with a mean age of 74.6 years (SD = ±7.7) ( Table 1) . Most subjects had zero (34.9%) or one (44.4%) frailty component. The mean DHEAS level was 59.2 ± 44.6 µg/dL. Not surprisingly, significant differences were present in subject characteristics when subdivided into respective studies (Table 1) . Mean age (P < 0.0001) and weight loss (P = 0.045) were moderately lower in the TEST sample compared to those in the DHEA/EX sample. As expected, the men in TEST had a mean level of DHEAS (71.5 µg/dL) substantially larger than that for the women in DHEA/EX (38.8 µg/dL) (P < 0.0001).
The characteristics of individuals recruited to the ALF study differed from those of the combined TEST and DHEA/EX samples ( Table 1 ). The ALF participants were substantially older (82.4 years) (P < 0.0001). Consistent with their older ages, the ALF subjects had smaller mean BMI, slower 8-foot walking speed, lower physical activity levels and reduced handgrip strength (P < 0.0001 for each assessment).
The association between dehydroepiandosterone and frailty in older men and women However, none of the ALF subjects reported weight loss, as compared to 5.5% and 5.1%, respectively, in the TEST and DHEA/EX studies (P = 0.01). In contrast to subjects in the other two studies, most ALF subjects (94.9%) had one or more frailty component, with 23.5% having three or four components and being classified as 'frail' (P < 0.0001). The mean DHEAS level in the ALF participants (37.8 µg/dL) was significantly lower than that for the combined TEST and DHEAS/EX samples (P < 0.0001), but was similar to that among women in the DHEA/EX study (38.8 µg/dL). A cross-tabulation of frailty categories by DHEAS quartiles (Table 2(a)) suggested a significant association between these variables (P < 0.0001). For example, 48% of subjects in the highest quartile of DHEAS values had zero frailty components. This percentage consistently decreased (48% vs. 39% vs. 28% vs. 25%) across the three lower quartiles. Conversely, the percentage of subjects classified as 'frail' (three to five frailty components) increased from the highest quartile to the lowest (3% vs. 5% vs. 5% vs. 9%). The distribution of frailty category differed relative to a number of other factors, including 'study' (TEST vs. DHEA/EX vs. ALF), gender and age (Table 2(b)). Frailty was more common in the ALF study, among women and in those over 80 years.
Ordinal logistic regression was used to model the relationship between frailty and log-transformed DHEAS, adjusting for study, age, gender and BMI. The modelling process revealed that the magnitude of the association between frailty and DHEAS was dependent on BMI. In addition, BMI alone (per kg/m 2 at a DHEAS of 46.3 µg/dL; OR = 1.08; 95% CI 1.05,1.12, P < 0.001), age (per year; OR = 1.10; 95% CI 1.08, 1.12; P < 0.0001) and study (with TEST as reference, DHEA/EX OR = 0.85; 95% CI 0.35, 2.06; P = 0.72 and ALF OR = 5.25; 95% CI 2.42, 11.4; P < 0.0001) were significant contributors to the modelling while gender (male as reference; female OR = 0.99; 95% CI 0.43,2.28; P = 0.98) was not. A significant DHEAS-BMI interaction (OR = 1.17; 95% CI 1.05, 1.30; P = 0.003) suggested that, in general, the relationship between higher levels of frailty decreased relative to higher levels of DHEAS, but that the magnitude of the decrease was larger at lower BMI values and smaller at higher BMI values. For example, if using this model, the relationship between being more frail decreased by a factor of 0.41 (95% CI 0.23, 0.74; P = 0.003) for every one unit increase in the logarithmic value of DHEAS when BMI was 24.2 (the lowest BMI quartile cut-off) or less. In contrast, being more frail decrease only by a factor of 0.94 (95% CI 0.55, 1.59; P = 0.81) for every one unit increase in the logarithmic value of DHEAS when BMI was 29. When the 'raw' data were simultaneously cross-classified by frailty category, DHEAS quartile and BMI level, the modifying effect of BMI on the association between frailty and DHEAS was evident (Figure 1 ). However, this graphical representation of the association suggested that there might be a threshold such that the inverse relationship between frailty and DHEAS held for BMI values below the threshold and was weaker or absent for BMI values above the threshold. Further modelling (with adjustment for the other covariates) supported this conjecture. The inverse relationship between DHEAS and higher levels of frailty was strongest when BMI Figure 1 . The Association between DHEAS and BMI in those with some frailty characteristics. The portion of subjects with frailty decreases with higher DHEAS levels in those with a BMI of <28 kg/m 2 , but this association is attenuated in those whose BMI ≥ 28 kg/m 2 .
was <29 kg/m 2 (OR = 0.60, 95% CI = (0.36, 0.97, P = 0.04) and substantially weaker (OR = 0.82, 95% CI = (0.50, 1.37, P = 0.45) when BMI exceeded 29 kg/m 2 .
Discussion
In this cross-sectional study of 932 older men and women, we found age, DHEAS and a DHEAS/ BMI interaction associated with higher frailty categorization. We combined subjects from three study populations so that a representative mix of healthy and frail adults were featured. Our study subjects were similar to other populations in regard to the percentage of non-frail, intermediate frail and frail categories [9] . Our study found a negative correlation between DHEAS and frailty levels. We confirmed previous findings by Leng et al. [14] , but with a larger sample size. Others found higher DHEAS levels correlated with better self-reported physical function [15] or better assessed physical function [16] or measured VO2max [17] . These studies all support the relationship between DHEAS and frailty. In contrast, a recent cross-sectional study of 60 heart failure patients failed to find an association between frailty and DHEAS [18] and a randomized, controlled trail of older men, treated with 50 mg DHEA/day, detected no changes in upper and lower extremity strength or physical performance [19] .
Several previous studies examined the relationship between DHEA and BMI with conflicting findings. BarrettConnor and Ferrara [20] , in a study of post-menopausal women, found DHEAS levels to be directly associated with central obesity. Conversely, DHEA levels are inversely related with abdominal obesity or BMI > 30 kg/m 2 in middle age and elderly men [21, 22] . Abbasi et al. [17] found DHEAS to be positively correlated to BMI in women 60-80 years old, but not in men.
While the studies on the relationship between obesity and DHEA levels have been conflicting, frailty has been linked to higher BMI in a syndrome known as 'sarcopenic obesity' [23, 24] . The association between frailty and a higher BMI may explain the attenuation of the association between DHEA and frailty at higher BMI. The mechanism may be direct. Sarcopenic obesity is associated with a decrease in strength and a decrease in mobility, two factors associated with frailty [25, 26] . The mechanism may also be indirect, as obesity is related to several biochemical markers associated with frailty, including elevated levels of inflammatory markers such as IL-6 and C-reactive protein and lower antioxidant capacity [27, 28] . Blaum et al. [29] evaluated the association between obesity and frailty in elderly women and found that overweight (BMI 25-29.99 kg/m 2 ) individuals were more likely to be classified as intermediate frail and obese individuals (BMI > 30 kg/m 2 ) were more likely to be frail. We did not find a direct association between BMI and frailty, but did find an interaction between BMI and DHEAS that was associated with frailty status. DHEAS exhibited a protective effect against frailty in those with normal or overweight BMI, but the effect was lost in those with BMI > 30 kg/m 2 and may be explained by the biochemical markers associated with frailty, lower antioxidant capacity or the increased disabilities related to sarcopenic obesity. To our knowledge, no other study has evaluated BMI and DHEAS for an association with frailty.
We found that age had a significant association with frailty; for every increase in 5 years, the association corresponded to an increase in frailty characteristics. This finding is supported by other work. Frailty and age are associated with incidence increasing from 3.2% of individuals aged 65-70 to 25.7% of individuals aged 85-89 [9] .
We found no gender interactions in the association between frailty and DHEAS. Differences in DHEAS levels between sexes have been described by others [1] . Further, other studies have found an association between DHEAS levels and physical performance in men, but not women [17, 30] . While we found an association between frailty and DHEAS levels, the association did not differ by gender.
Our study has limitations. This study is cross-sectional and does not address whether interventions to improve DHEAS levels or modification in BMI will impact frailty status. The individuals involved in this analysis were recruited for three other clinical trails and the differences in those recruited were significant. While the men and women recruited for interventions of testosterone or DHEA supplementation were similar (∼3-3.5% meeting frail criteria), individuals recruited from assisted living or age-and gender-matched community controls were older and more likely to be frail (25%). The differences in the recruitment populations are evident in the logistic regression. The goal of combining the studies was to have a sample with a full range of frailty factors, and 'study' was included in the analysis to control for the bias that may have been introduced.
Conclusion
This study found an association between frailty and DHEAS levels, similar to studies that have found associations between DHEA and physical function. Whether the association is due to similar conditions resulting in lower DHEA levels and more susceptibility to frailty or whether lower DHEA levels have an impact on increasing frailty cannot be addressed by this cross-sectional analysis. We did not find whether gender altered the association but did find that obesity or BMI> 30 kg/m 2 attenuated the association between higher DHEA levels and lower frailty status.
Key points
r The role of DHEA in frailty is uncertain, although low DHEA levels have been associated with increased rates of morbidity and mortality. r In this cross-sectional analysis of a population of 898 older adult men and women, higher DHEAS levels were associated with fewer frailty characteristics. r A body mass index >30 kg/m 2 attenuated the association found between DHEAS levels and frailty. r Further research will need to be done to ascertain whether the associations are due to similar conditions or whether lower DHEAS levels impact increasing frailty.
